Summary. Insulin delivery rates were estimated from the peripheral serum insulin response to a single bolus injection of glucose or arginine in eight normal subjects and eight patients with hyperthyroidism. The mean rate constant for insulin disappearance was 0.2380 _+ 0.0052 per min in the control subjects, which was not significantly different from that observed in the patients with hyperthyroidism (0.2147 _+ 0.0111 per rain). There were also no significant differences in the insulin response to glucose infusion (1.7 _+ 0.3 U during the first phase (0-I0 min) and 5.6 +_ 1.6 U during the second phase (11-60 min) in normal subjects compared with 1.2 _+ 0.5 and 3.7 _+ 1.1 U respectively in the hyperthyroid patients). The delivered insulin in response to glucose infusion was similar in the two.groups. The kg-value in the patients with hyperthyroidism was lower than that in the control subjects (1.24 _ 0.11 versus 2.11 _+ 0.22; p < 0.005). In hyperthyroidism, the low kg-value was not a result of the diminished insulin delivery to the general circulation. Insulin delivery showed a monophasic pattern following arginine infusion in both patients and control subjects. For the control subjects, the amount of insulin delivered was estimated to be 0.53 + 0.12 U during the first 10 min and 0.37 _+ 0.14 U during 11-30 min. In hyperthyroidism, the amount of insulin delivered was significantly lower than in the control subjects (0.21 _+ 0.06 U during the first 10 min and 0.07 _+ 0.03 U during 11-30 min). In the control subjects, the plasma glucose level was raised transiently following arginine infusion, but in hyperthyroidism, there was no change in plasma glucose levels. In hyperthyroidism, therefore, glucose intolerance appears to be primarily related to an antagonism of the hepatic effect of insulin by thyroxine rather than an inhibitory effect of thyroxine on insulin secretion. However, since delivery rate represents the measurement of peripheral serum insulin concentrations, these results cannot exclude an abnormality of hepatic insulin metabolism in hyperthyroidism.
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Glucose tolerance and insulin secretion have been examined extensively in hyperthyroidism [1] [2] [3] [4] , and a reduced glucose tolerance has been found in patients with this condition [2, 3] . However, intravenous glucose infusions in hyperthyroid men or dogs have produced conflicting results concerning plasma insulin secretion [2] [3] [4] [5] .
The mechanism of glucose intolerance is uncertain. It could be a consequence of a decreased capacity of insulin secretion or increased insulin catabolism [6] . In the present study, we have measured insulin delivery rates, calculated on the basis of fractional insulin disappearance rates following glucose infusion, in order to understand further B cell function in hyperthyroidism. Since the arginine-induced insulin response has been reported to be impaired in hyperthyroidism [7] , the effect of arginine on the insulin delivery was also investigated.
Subjects and Methods
Eight patients with untreated hyperthyroidism had a mean age of 37 years and a mean ideal body weight of 91 _+ 3%. The diagnosis of hyperthyroidism was established by clinical symptoms and the results of ~31I uptake studies, T3-resin uptake, plasma thyroxine levels and basal metabolic rates (Table 1) . Patients with clinical diabetes mellitus were excluded. Eight age-matched healthy men had a mean ideal body weight of 105 _+ 3% and were heavier than the hyperthyroid patients (90 _+ 3%: p < 0.05). All subjects ate a diet containing more than 200 g carbohydrate daily for 3 days before each test. The tests were performed after an overnight fast.
An antecubital IV catheter was kept patent with 0.154 mol/1 saline and blood was sampled for measurement of insulin disappearance at 3, 5, 10, 15, 20, 30, 40, 50 and 60 min after the insulin infusion. Insulin (pork, Actrapid, Novo) was infused IV within 5 s at a dose of approximately 0.04 U/kg body weight in the hyperthyroid patients and 0.06 U/kg in the control subjects. Glucose (20 g/dl) was given IV at a constant rate of 2.2 mg kg -~ rain -~ (range; 2.0 2.7) in the control subjects and 2.9 mg kg -1 min 1 (range; 2.4-3.5) in the patients. The glu-0012-186X/82/0023/0108/$01.20 On a spearate day, glucose (0.5 g/kg body weight as a 50 g/dl solution) was infused IV over 2 rain in eight normal subjects and in six out of eight of the patients with hyperthyroidism. L-arginine monochloride (0.2 g/kg as a 20 g/dl solution) was also infused IV over 2 rain in seven out of eight of the normal subjects and in five out of eight of the patients. Blood samples were taken 5 and 10 rain before and 3, 5, 10, 15, 20, 30, 40, 50 and 69 rain after starting the infusion of glucose or arginine from an indwelling catheter in the other forearm vein through which 0.154 mol/l saline was slowly infused.
Blood samples (I.0 ml) were collected in sodium fluoride tubes for plasma glucose determination using the o-toluidine method [8] . Serum insulin was determined by a one-antibody radioimmunoassay system [9] .
The glucose disappearance rate (kg) was calculated from minutes 10-60 by least squares analysis from the slope of the semi-logarithmic plot of plasma glucose concentrations. The lower limit of normal was 1.30%/min [10] . The insulin delivery rate was estimated by analysing the peripheral serum insulin levels in response to infusion of the glucose or arginine solution, on the basis of the insulin disappearance rate. The theoretical considerations and the computational method have been reported previously [9, 10] . In brief, the delivery rate was determined by the integral difference of the measured peripheral insulin value and the calculated estimation of the peripheral insulin level as determined from the previously measured insulin value. This estimate was derived from an insulin disappearance rate determined on a different day. The measurement of the disappearance rate of unlabelled insulin may be complicated by the fact that plasma glucose concentration is decreased. The influence of hypoglycaemia on the disappearance rate of insulin, however, is generally considered insignificant [11] [12] [13] [14] , even if endogenous insulin is unchanged or suppressed. It has been reported that the absolute degradation rate of insulin is proportional to the plasma insulin concentration, i.e. the fractional rate is constant [15] . Although several authors have shown that the irreversible loss rate of insulin is not linearly related to plasma concentration [13] [14] [15] , the difference is not very large, and it is reasonable to assume that the fractional rate of loss of unlabelled insulin is relatively constant regardless of the plasma concentrations. Therefore, it is reasonable to assume that the calculated rate of insulin removal, following a single dose of insulin, can be applied to the delivery of various amounts of insulin following glucose or arginine infusion. The insulin disappearance rate was obtained from the least squares analysis of a semi-logarithmic plot of total serum insulin level following insulin infusion. The insulin delivery rate can be calculated from peripheral insulin levels by using the disappearance rate of insulin, assuming that the exogenous insulin infused by this route and endogenous insulin are handled in the same way.
The basal delivery rate of insulin was calculated from a fasting level of serum insulin [9] . The apparent distribution space of insulin, halfdisappearance time t~,: and metabolic clearance rate have been described elsewhere [9] .
All values are expressed as mean _+ SEM. Comparisons between normal subjects and the patients are made using the Student's t-test.
Results

Insulin disappearance rate
The mean insulin concentrations following IV bolus injection of insulin in eight normal subjects and eight patients with hyperthyroidism are shown in Figure I . At first, the insulin levels fell rapidly in an exponential manner. This was followed by a slower fall of the second component with insulin values which were similar to those found before insulin administration. The first component of fractional insulin removal, estimated from individual insulin levels, was employed in each individual for calculation of the rate constant of insulin disappearance. Then, the rate constants for each individual were applied for calculation of the delivery rate in the same subject.
The mean rate constant for insulin disappearance was 0.2380 + 0.0052 U/rain in the control subjects and 0.2147 + 0.0111 U/min in the patients. There was no significant difference in the rate constants between the patients and control subjects. The administration of insulin resulted in a fall in the blood glucose 30 rain later in control subjects to 70% (3.6 + 0.4 retool/l) of the initial value and 20 rain later in the patients to 71% (3.6 _+ 0.4 retool/l) the initial value. The mean extrapolated insulin level at zero time produced by an IV insulin dose of 4.0 _ 0.2 U in the normal subjects and 2.1 _+ 0.1 U in the patients was 885 + 72 and 453 + 105 mU/l, re- spectively. The mean values of distribution space, metabolic clearance rate and t,/2 are shown in Table 2 . The apparent distribution space/kg body weight (115 ml/ kg) was larger in the patients than in the controls (76 ml/ kg, p < 0.05). Although the metabolic clearance rate of insulin was greater in the patients (24.4 + 4.1 ml kg -1 rain 1) than in the controls (17.6 + 1.6 ml kg ~1 rain-l), the difference was not statistically significant.
Plasma Glucose and Serum Insulin Responses to Glucose Infusion
Insulin delivery rate: The plasma glucose concentrations following IV glucose infusion are shown in Figure 2 . Four of the six patients and none of normal subjects had kg-values of < 1.30 (lower limit of normal) [10] . The mean kg-value in the patients (1.24 + 0.11) was lower than the controls (2.11 + 0.22; p < 0.005). In the normal subjects, the mean serum insulin level rose from a basal level of 7.2 + 1.5 mU/lto apeak of 122 _+ 16 mU/1 5 min after starting the infusion and decreased to 29 + 6 mU/1 at 60 rain (Fig. 3) . In the hyperthyroid group, the basal level was 11.5 _+ 3.0 mU/l and the peak insulin level was 99.5 + 6.6 mU/13 rain after starting the infusion. The peripheral serum insulin levels were significantly lower in the patients than the controls at 5, 10 and 15 rain (p < 0.05 at 5 and 15 rain, and p < 0.02 at 10 min). The shaded area between the times of Successive sampling was then taken as the quantity of newly secreted insulin on the basis of the rate constant of insulin disappearance (Fig. 3 ). Insulin delivery rates calculated from individual insulin levels following glucose infusion are shown in Table 3 , using the formula described previously [11, 12] . The insulin delivery rate after glucose infusion showed a biphasic response in both groups. In the control subjects, the first rapid phase lasted for 10 rain. There was a slight but significant increase during the second phase (21-30 min; p < 0.05 in comparison with the rate during 16-20 rain). In the patients with hyperthyroidism, the peak during the second phase was observed between 41-50 rain, which was delayed compared with the controls (21-30 rain) , although the characteristics of the first phase were similar 9 Delivery rates in all segments of both groups were significantly higher than the basal rate (p < 0.01). After glucose infusion, the difference of the rates between the controls and patients was significant only during 4-5 rain (p < 0.02). Time(min ) Time rain ) Fig.3 . Mean serum insulin levels following a glucose infusion in normal subjects (n = 8) and patients with hyperthyroidism (n = 6). Broken lines represent the expected fall in serum insulin concentrations calculated from the insulin disappearance rate. Shaded areas express the quantity of newly secreted insulin. *p < 0.05 **p< 0.02 
Amount of insulin de#vered (Table 4):
There was no significant difference in insulin delivery following glucose infusion in either group during the first (0-10 min) or second (11-60 min) phase.
Plasma Glucose and Serum Insulin Responses to A rginin e Infusion
Insulin de#very rate: Plasma glucose concentration following IV arginine infusion in seven normal subjects and five patients, who were previously examined for insulin disappearance rate, are shown in Figure 4 . Plasma glucose levels in the control subjects rose from a basal level of 4.4 + 0.2 to 5.4 + 0.2 mmol/1 at 10 rain (p < 0.01). However, in the patients, plasma glucose levels did not rise following a bolus injection of arginine. Thus, the mean peak of glucose levels after arginine infusion was higher in the control subjects than in the hyperthyroid patients (p < 0.05). In normal subjects, single bolus of arginine significantly increased the serum insulin levels with a peak of 56.3 _+ 6.6 mU/1 3 min after the start of injection (mean basal level: 9.8 + 1.2 mU/1) (Fig. 5) . Serum insulin levels in the patients rose slightly but significantly to the peak level of 29.6 + 6.2 mU/1 3 min following an injection of arginine (mean basal level: 12.0 + 1.1 mU/1).
Insulin delivery rates calculated from individual insulin levels following arginine infusion are shown in Table 3 . The insulin delivery rate showed a monophasic response in both groups. In the control subjects, the rate during the first 3 rain after arginine infusion was higher than the basal rate (p < 0.001) and 30 rain later, the rate was significantly suppressed (p < 0.01). In the patients, the delivery rate rose significantly during the first 3 min after the infusion of arginine (p < 0.01). However, during 16-60 rain, the rate was lower than the basal rate (p < 0.01). Delivery rates during 0-5 rain in hyperthyroid patients were significantly less than in the control subjects (p < 0.05). (Table 4) : Although there was no significant difference in the basal delivery of in- Results expressed as mean + SEM ~' p < 0.05 versus normal subjects Amounts of delivered insulin during 31-60 min after arinine infusion were not calculated because the rates in patients and control subjects were suppressed.
Amount of insulin delivered
sulin between the control subjects (9.3 + 0.8 mU/min) and the patients (18.1 + 4.0 mU/min), the amounts of the insulin delivered during the first 10 min following arginine infusion were lower in the hyperthyroid patients than in the control subjects (p < 0.05). The total amount of insulin delivered in the patients was significantly decreased (p < 0.05). 
Discussion
The rate constants for insulin disappearance in the present study were estimated from the early rapidly declining phase as shown in Figure 1 , although studies of the disappearance rate using a single injection of insulin are complicated by the presence of more than one exponential component in the plasma disappearance curve [16] . Thus, the over-all disappearance of the initial phase, evaluated on the basis of clinical study, was used to calculate the post-hepatic insulin delivery rate. To avoid any potential effect of hypoglycaemia on insulin disappearance [11] [12] [13] [14] , glucose was also administered intravenously. Constantly infused glucose used in our procedure has been reported to reduce markedly hepatic glucose output without a concomitant increase in total glucose utilization [17, 18] . In the present study, the fractional removal rate of insulin in the early part of the disappearance curve was not affected by hyperthyroidism. Post-hepatic delivery of insulin following glucose infusion was normal, although peripheral insulin concentrations were significantly decreased at 5, 10 and 15 min after infusion. The fractional removal rate for insulin is directly proportional to the metabolic clearance rate and peripheral Time ( min ) Fig.5 . Mean serum insulin levels following an arginine infusion in normal subjects (n=7) and patients with hyperthyroidism (n=5). Broken lines represent the expected fall in serum insulin concentration calculated from the insulin disappearance rate. Shaded areas indicate newly secreted insulin. **p < 0.02 *p < 0.05 blood flow, whereas it is inversely proportional to the volume of distribution of insulin. Since the distribution space per unit body weight of insulin was larger in the hyperthyroid patients than in normal subjects, it would be expected that the peripheral concentration of insulin might be low. The kg-value can also be interpreted as showing that patients with hyperthyroidism have a larger distribution space for glucose than normal subjects which is in keeping with the observation on insulin secretion.
The present study demonstrates that low kg-values in hyperthyroidism are not due to diminished delivery of insulin into the general circulation. The delivery rate is equivalent to insulin delivered into the systemic circulation rather than insulin secretion and depends, in part, on the extraction rate by the liver. An abnormality in hepatic insulin metabolism in hyperthyroidism cannot therefore be excluded. Abnormal metabolism of insulin in the liver, such as a decreased extraction of insulin, might be accompanied by a diminished secretion of insulin, since insulin delivery was not decreased. In addition it has been proposed that pancreatic insulin could be depleted as a result of over-stimulation of insulin release by constantly elevated blood glucose [19] . The changes in glucose handling in hyperthyroid patients may also therefore be partly the result of an inadequate insulin response.
The glycogen content of the liver is markedly diminished in hyperthyroidism and thyroid hormone may primarily decrease the ability of the liver to store glucose as glycogen [20, 21] . Decreased glycogen storage in the liver would result in an increased net hepatic output of glucose without an increase in peripheral glucose utilization and bring on impaired glucose tolerance in hyperthyroid patients.
The insulin delivery rate in response to arginine showed a monophasic pattern in both normal subjects and hyperthyroid patients. This result is in good agreement with the data of Pagliara et al. on the perfused rat pancreas [22] . On the other hand, during a prolonged arginine infusion, a biphasic pattern of insulin release has been demonstrated by other investigators [7, 23] . Since arginine exerts its effect by magnifying the insulin releasing action of glucose and not by an independent mechanism of its own [7, 23] , the lack of insulin secretion during the second phase might be due to a low concentration of blood glucose between 11-60 min.
In hyperthyroidism, impaired arginine-induced insulin delivery was accompanied by a failure of blood glucose to rise following the infusion of arginine. The lack of glucose rise may be explained partly by the sluggish rise in plasma glucagon [24] and the impaired response of blood glucose to glucagon injections in hyperthyroidism [19] .
It is concluded that the glucose intolerance in hyperthyroidism is primarily caused by the catabolic actions of thyroxine on hepatic carbohydrate metabolism. This results from impaired insulin action rather than from the suppression of insulin secretion by thyroxine.
